Abstract. The aim of the present study was to investigate the effect of heat shock protein 90 (Hsp90
Introduction
Heat shock protein 90 (Hsp90) has been identified to be a potential therapeutic target for cancer. It is an abundant molecular chaperone involved in the folding, assembly, maturation and stabilization of specific target proteins that are critical for the proliferation and survival of cancer cells. Target proteins dependent on Hsp90 have been implicated in all six hallmarks of cancer, including growth signal self sufficiency, anti-growth signal insensitivity, evasion of apoptosis, unlimited replicative potential, metastasis and tissue invasion and sustained angiogenesis (1) (2) (3) . Therefore, inhibition of Hsp90 provides a combinatorial attack on multiple signaling pathways responsible for malignant cell growth. Hsp90 also has an important role in the proliferation and apoptosis of cervical carcinoma cells (4) (5) (6) (7) . The phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways are known to be involved in the vascular endothelial growth factor-C (VEGF-C)-induced proliferation and apoptosis of HeLa cells, with the overexpression of downstream genes, including B-cell lymphoma 2 (Bcl-2) and cyclin D1 (8) . However, the role of Hsp90 in the proliferation and apoptosis of HeLa cells induced by VEGF-C has yet to be elucidated. Therefore, in the present study, Hsp90 expression in HeLa cells treated with Hsp90-specific inhibitor geldanamycin (GA) acting in concert with VEGF-C was investigated.
Materials and methods

Materials.
The human cervical carcinoma cell line, HeLa, was provided by the Tianjin Institute of Hematology (Chinese Academy of Medical Science; Tianjin, China). GA was purchased from Alexis Biochemicals (San Diego, CA, USA) and Hsp90 rabbit anti-human polyclonal antibody was obtained from Cell Signaling Technology, Inc. (Beverly, MA, USA). Bcl-2, Bcl-2-associated X protein (Bax), GAPDH mouse monoclonal antibodies and cyclin D1 polyclonal antibody were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, Effect of a heat shock protein 90-specific inhibitor on the proliferation and apoptosis induced by VEGF-C in cervical cancer cells CA, USA). Goat anti-rabbit and goat anti-mouse secondary antibodies were purchased from ZSGB Bio. Co. (Beijing, China), and recombinant VEGF-C protein was obtained from R&D Systems (Minneapolis, MN, USA).
Overview of methods. Hsp90 expression levels were first evaluated in VEGF-C-treated HeLa cells. HeLa cells (1x10 6 /ml) in the logarithmic growth phase were incubated without serum for 24 h, and then treated with VEGF-C (at a final concentration of 50 ng/µl) for 3, 6, 12 and 24 h. The cells were harvested and subjected to SDS-PAGE and western blot analysis in order to determine Hsp90 protein expression.
The pathways involved were then investigated. HeLa cells (1x10 6 /ml) in the logarithmic growth phase were incubated without serum for 24 h, and then pretreated with kinase insert domain receptor antibody (KDR)-Ab (20 µg/ml; Tianjin Institute of Hematology, Chinese Academy of Medical Science), PI3K inhibitor LY294002 (3 µmol/l; Promega Corp. Madison, WI, USA), MAPK inhibitor PD98059 (30 µmol/l; Promega Corp.) or Hsp90-specific inhibitor GA (10 µmol/l) for 30 min. The cells were then treated with VEGF-C (50 ng/µl) for a further 24 h. The cells were harvested and subjected to SDS-PAGE and western blot analysis for Hsp90 protein expression.
Finally, the role of Hsp90 in the proliferation and apoptosis of HeLa cells induced by VEGF-C was investigated. HeLa cells (1x10 6 /ml) in logarithmic growth phase were incubated without serum for 24 h, pretreated with GA (0.02 µmol/l) for 30 min, and then treated with VEGF-C (50 ng/µl) for 24 h. The cells were harvested for MTT analysis, annexin V-FITC/propidium iodide (PI) double staining for early apoptosis, and SDS-PAGE and western blot analysis to determine the levels of Bcl-2, Bax and cyclin D1 expression.
MTT cell proliferation assay. HeLa cells were seeded onto 96-well culture plates and subjected to the different treatments. Following treatment, the media were removed and 20 µl MTT was added to each well. The cells were further cultured at 37˚C for 4 h, prior to the removal of the cell culture and the addition of 100 µl dimethyl sulfoxide to dissolve the formazan completely. The absorbance of formazan was determined at 546 nm by the microplate reader and the survival rate was evaluated. All experiments were repeated in triplicate.
Flow cytometry. HeLa cells were washed three times with phosphate-buffered saline (PBS) and stained with Annexin-V-fluorescein and Puffer (Bio-Rad, Philadelphia, PA, USA), according to the manufacturer's instructions. Cell fluorescence was determined with a flow cytometer. All experiments were repeated in triplicate.
Western blot analysis. HeLa cells were collected and lysed with radioimmunoprecipitation assay buffer (Sigma, St. Louis, MO, USA), and the total proteins were evaluated using bicinchoninic acid protein assay reagent (Pierce, Rockford, IL, USA). The protein samples were separated by 10% SDS-PAGE and then transferred to polyvinylidene difluoride membranes. Subsequent to blocking in non-fat dry milk at 37˚C for 1 h, the membranes were incubated overnight at 4˚C with antibodies against Bcl-2 (1:50), Bax (1:50), Bcl-2 (1:200), cyclin D1
(1:200) and GAPDH (1:500), respectively. The membranes were then washed with PBS with Tween 20 at 10-min intervals, prior to incubation with the secondary diluted anti-mouse or anti-rabbit antibody (1:1,000; Santa Cruz Biotechnology, Inc., Paso Robles, CA, USA) for 1 h at room temperature in the dark. The membranes were developed using enhanced chemiluminescence (Pierce) and exposed to X-ray film. Tanon Gel Imaging System Version 4.00 software (Tanon Science & Technology Co., Ltd., Shanghai, China) was used to analyze the images. The GAPDH was regarded as an internal reference for relative quantification.
Statistical analysis. All analyses were performed using SPSS statistical software (version 13.0; SPSS Inc., Chicago, IL). Results are expressed as mean ± standard deviation. Significance of difference between the groups was assessed by t-test or ANOVA, and regression analysis was performed. One-tailed P-value of <0.05 was considered as statistically significant. Table I . Hsp90 protein expression was increased 3.84-fold 3 h following VEGF-C stimulation (1.93±0.17; P<0.05), peaked at 12 h (2.46±0.04; P<0.05) and decreased slightly at 24 h (1.47±0.13; P<0.05). Fig. 1 shows the Hsp90 protein bands in HeLa cells treated with VEGF-C for 3, 6, 12 and 24 h, respectively, using GAPDH as the internal reference.
Results
Hsp90 expression in VEGF-C-treated HeLa cells. VEGF-C was found to induce Hsp90 protein expression in HeLa cells at various treatment time-points, as shown in
Signaling pathways for the induction of Hsp90. To investigate whether VEGF-C induced Hsp90 expression via the VEGFR-2 (KDR), MAPK and PI3K pathways, HeLa cells were treated with VEGF-C (50 ng/µl), VEGF-C (50 ng/µl) + KDR-Ab (20 µg/ml), VEGF-C (50 ng/µl) + LY294002 (3 µmol/l), VEGF-C (50 ng/µl) + PD98059 (30 µmol/l) or VEGF-C (50 ng/µl) + GA (10 µmol/l). Results are shown in Table II . Hsp90 expression was increased 3.31-fold in VEGF-C treated HeLa cells; whilst Hsp90 expression was attenuated in the other groups (2.17-, 1.69-, and 1.82-fold in the VEGF-C + KDR-Ab, VEGF-C + PD98059 and VEGF-C + LY294002 groups, respectively; P<0.05), indicating that KDR-Ab, PD98059 and LY294002 partially inhibited Hsp90 expression in HeLa cells induced by VEGF-C. However, there was no significant difference between the expression of Hsp90 between the GA-treated and control cells (0.70±0.05 vs. 0.62±0.21, respectively; P>0.05). Fig. 2 shows the Hsp90 protein bands in HeLa cells following the various treatments, using GAPDH as the internal reference.
Role of Hsp90 in the proliferation of HeLa cells induced by VEGF-C.
GA was demonstrated to completely inhibit the proliferation of HeLa cells induced by VEGF-C. The results from the MTT analysis demonstrated that the proliferation of the HeLa cells was increased ~2.13-fold following treatment with VEGF-C, whilst the proliferation of VEGF-C + GA-treated HeLa cells decreased 0.87-fold (P<0.05; Table III ). In addition, the proliferation of HeLa cells treated with GA alone was significantly lower compared with that of control cells (P<0.05), indicating that GA completely inhibited the proliferation of HeLa cells induced by VEGF-C.
Effect of Hsp90 on the apoptosis inhibition of HeLa cells induced by VEGF-C.
The early apoptosis index was determined using annexin V-FITC/PI double staining, and the results are shown in Table III . There was a significant difference in early apoptosis index between the HeLa cells treated with VEGF-C and those treated with VEGF-C + GA (3.29±0.35 versus 6.06±0.78, respectively; P<0.05), and the early apoptosis index of HeLa cells treated with GA alone was significantly higher compared with that of the control cells (10.46±1.12 versus 7.44±0.54, respectively; P<0.05), indicating that GA induced apoptosis of HeLa cells. The results indicate that Hsp90 works in association with VEGF-C in regulating the apoptosis of HeLa cells.
Role of Hsp90 in the Bcl-2/Bax protein expression induced
by VEGF-C. HeLa cells were incubated without serum for 24 h, and then treated with VEGF-C (50 ng/µl) and VEGF-C (50 ng/µl) + GA (0.02 µmol/l) for 24 h. Bcl-2 and Bax protein expression levels were then determined by western blot analysis. Bcl-2 protein expression was found to be significantly lower in VEGF-C + GA treated HeLa cells than in VEGF-C treated HeLa cells (0.87±0.23 versus 1.90±0.15, respectively; P<0.05), and Bcl-2 protein expression following treatment with GA was significantly lower compared with that in the control cells (0.67±0.16 versus 0.97±0.07, respectively; P<0.05), indicating that even a low concentration of GA (0.02 µmol/l) is able to inhibit the Bcl-2 protein expression induced by VEGF-C. However, there were no significant differences in the levels of Bax protein expression induced by GA, VEGF-C and VEGF-C + GA (P>0.05). In addition, the Bcl-2/Bax expression ratio was lowest in the GA group, followed by the VEGF-C + GA and VEGF-C groups (P<0.05), indicating that even a low concentration of GA had a marked inhibitory effect on Bcl-2 expression. All these results suggest that Hsp90 works in association with VEGF-C in regulating the apoptosis of HeLa cells. The Bcl-2 and Bax protein bands in HeLa cells are shown in Fig. 3 , with GAPDH as the internal reference. 
Role of Hsp90 in cyclin D1 protein expression induced
by VEGF-C. GA was found to significantly inhibit the cyclin D1 protein expression induced by VEGF-C (Table IV) . Cyclin D1 protein expression was significantly lower in VEGF-C + GA-treated HeLa cells than in VEGF-C-treated HeLa cells (0.64±0.21 versus 1.30±0.13, respectively; P<0.05), and cyclin D1 protein expression was significantly lower in GA-treated HeLa cells than in control cells (0.42±0.11 versus 0.57±0.07; P<0.05). These results indicate that even a low concentration of GA had a marked inhibitory effect on cyclin D1 expression, and this suggests that Hsp90 has a role in the induction of cyclin D1 expression by VEGF-C. Cyclin D1 protein bands in HeLa cells are shown in Fig. 3 , with GAPDH as the internal reference.
Discussion
Molecular chaperone Hsp90 is not only of major current interest in fundamental biological research, but is also a target for the treatment of cancer and other diseases. Hsp90 guides the normal folding, intracellular localization and proteolytic turnover of a number of key regulators for cell growth, differentiation and survival (9) . Inhibition of Hsp90 function has been shown to cause degradation of target proteins via the ubiquitin proteasome pathway, resulting in the simultaneous depletion of multiple oncoproteins, combinatorial downregulation of signals being propagated via numerous signaling pathways, and modulation of all aspects of the malignant phenotype (10,11) . The PI3K and MAPK pathways are involved in the proliferation and apoptosis of HeLa cells induced by VEGF-C, with the overexpression of several downstream genes, including Bcl-2 and cyclin D1. The aim of the present study was to investigate the effect of Hsp90-specific inhibitor GA and VEGF-C on the expression of Hsp90 in HeLa cells.
The effect of Hsp90 and Hsp90-specific inhibitor GA on the proliferation and apoptosis of HeLa cells was investigated. Hsp90 binds to a number of signaling proteins, including ligand dependent transcription factors (e.g., steroid receptor), ligand-independent transcription factors (e.g., MyoD), tyrosine kinases (e.g., v-Src) and serine/threonine kinases (e.g., Raf-1). The role of Hsp90 is to promote the conformational maturation of these receptors and signal-transducing kinases. It interacts with proteins that have already attained a high degree of tertiary structure, and appears to be involved in the maturation and activation of these target proteins rather than their initial folding. Hsp90 chaperone activity depends on its ability to bind and hydrolyze ATP (12, 13) , which drives a molecular clamp via transient dimerization of the N-terminal domains. HSP90 expression has been shown to be increased in cancer cells (14) . It interacts with the signaling proteins to maintain the normal structure and functions of these proteins, and has an important role in the development of tumors (15) .
The association between Hsp90 and the proliferation and apoptosis of tumor cells has been investigated in numerous studies. Hsp90 may be involved in the proliferation and apoptosis of tumor cells via the PI3K-AKT/PKB and Table III . Effect of VEGF-C and GA on the proliferation and apoptosis of HeLa cells.
Proliferation
Early apoptosis index Table IV . Effect of GA on Bcl-2, Bax and cyclin D1 protein expression induced by VEGF-C. RAS-RAF-MEK-ERK1/2 pathways (16) . Inhibition of Hsp90 function may downregulate Akt kinase, dephosphorylate extracellular signal-regulated kinase and induce cell cycle arrest and cell death (17, 18) . At present, a number of Hsp90 molecular chaperones have been identified with possible implications on the proliferation and apoptosis of tumor cells, including Bcl-2, AKT/PKB, survivin, c-Raf, JNK, pp60 (v-src), Bcr-Abl, mutant p53, ErbB2 (Her-2), Flt3, HIF-1α, B-Raf and CDK4 (19, 20) .
GA is a naturally occurring benzoquinone ansamycin, which binds specifically to the N-terminal ATP binding domain of Hsp90 (21), and causes the destabilization and degradation of numerous Hsp90 target proteins. GA specifically inhibits Hsp90 by binding to the ATP hydrolysis site with an affinity >500-times greater than for ATP, thus effectively displacing ATP and disrupting Hsp90-substrate interactions. This makes GA an important candidate in the study of Hsp90 function (22) . In a previous study, Duus et al (23) investigated Hsp90 expression in a myeloma cell line (U266) using immunofluorescence and flow cytometric analysis, and the results demonstrated that GA treatment resulted in a significant increase in apoptosis and reduction in Bcl-2 expression levels. The Bcl-2-binding protein BAG-1 binds to Bcl-2, Raf-1 kinase and growth factor receptors to inhibit the apoptosis of cells. BAG-1 also binds to steroid hormone receptors associated with Hsp family members.
In the present study, whether Hsp90 is involved in the proliferation and apoptosis of HeLa cells was investigated.
In vitro treatment of HeLa cells with GA leads to the inhibition of cell proliferation, an exponential increase in apoptosis and a reduction in Bcl-2 expression, indicating that Hsp90 has an important role in the proliferation and apoptosis of cervical carcinoma cells by regulating Bcl-2 expression. However, treatment with GA does not affect Hsp90 expression, indicating that GA downregulates Bcl-2 expression, not by inhibiting Hsp90 mRNA or protein expression, but by inhibiting Hsp90 function. GA may inhibit the binding of Hsp90 to Bcl-2, promoting apoptosis and mediating the signaling pathways for the apoptosis of cervical carcinoma cells. Consequently, it has an important role in the proliferation and apoptosis escape of cervical carcinoma cells.
The association between VEGF-C and Hsp90 was also investigated in the present study. Whether VEGF-C induces Hsp90 expression was investigated. The results of the western blot analysis revealed that Hsp90 protein expression in HeLa cells was induced by VEGF-C when treated for different periods of time. Hsp90 protein expression was increased 3.84-fold following 3 h of VEGF-C stimulation, peaked at 12 h and decreased slightly after 24 h, indicating that VEGF-C induced Hsp90 expression.
In order to investigate whether VEGF-C induced Hsp90 expression via VEGFR-2 (KDR), MAPK and PI3K pathways, HeLa cells were treated with VEGF-C, VEGF-C + KDR-Ab, VEGF-C + LY2940 02, VEGF-C + PD98059 and VEGF-C + GA. It was found that Hsp90 expression was increased 3.31-fold in VEGF-C treated HeLa cells, and was attenuated in other treatment groups (2.17-, 1.69-, 1.82-fold in VEGF-C + KDR-Ab, VEGF-C + PD98059 and VEGF-C + LY294002, respectively). However, there was no significant difference between the GA-treated cells and control cells (P>0.05). These results indicate that GA functions not by inhibiting Hsp90 mRNA or protein expression, but by inhibiting Hsp90 function. VEGF-C may induce Hsp90 expression via the PI3K and MAPK pathways. In VEGFR-2 (KDR) positive HeLa cells, VEGF-C actives PI3K/AKT and ERK/MAPK pathways via the KDR receptors, and upregulates Hsp90 expression.
The role of Hsp90 in the proliferation and apoptosis of HeLa cells induced by VEGF-C was also investigated in the present study. The Hsp90-specific inhibitor GA was found to completely inhibit the proliferation of HeLa cells induced by VEGF-C. The proliferation of the VEGF-C treated HeLa cells was increased ~2.13-fold, whereas that of the VEGF-C + GA treated HeLa cells decreased 0.87-fold (P<0.05). The proliferation of GA-treated HeLa cells was significantly lower compared with that of control cells (P<0.05). These results indicate that Hsp90 participates in the VEGF-C induced proliferation and apoptosis of HeLa cells. In addition, it was shown that even a low concentration of GA (0.02 µmol/l) inhibits the Bcl-2 and cyclin D1 protein expression induced by VEGF-C, but appears to have no effect on Bax protein expression.
In the present study, VEGF-C was indicated to induce Hsp90 expression via the PI3K and MAPK pathways. Hsp90 binds to a number of specific signaling proteins that require this interaction to execute their function, and upregulates the expression of downstream genes, including Bcl-2 and cyclin D1. Therefore, Hsp90 has a critical role in the proliferation and apoptosis of HeLa cells. Hsp90 modulates Bcl-2 expression, as shown by the complete inhibition of VEGF-induced Bcl-2 expression and binding to Hsp90 by Hsp90-specific inhibitor GA; VEGF has been shown to promote the survival of leukemic cells by the Hsp90-mediated induction of Bcl-2 expression and apoptosis inhibition (23) . Typical Hsp90 target proteins include Bcl-2, AKT/PKB, c-Raf, B-Raf and CDK4 (19) . Whether other target proteins are involved requires further investigation.
